Application of forchlorfenuron (CPPU) to flower buds induces morphologically different paracorollas, i.e., wide and narrow type, in torenia (Torenia fournieri L.). We investigated the morphological properties and the role of floral homeotic genes in the formation of these two types of paracorolla. The morphology of epidermal cells and distribution pattern of vascular bundles in the wide paracorolla was the same as in the petal; however, in the narrow paracorolla, the morphology of epidermal cells was either petal-like or stamen-like, and the distribution pattern of vascular bundles was stamen-like. In situ hybridization analysis of the floral homeotic genes showed that a class A gene, T. fournieri SQUAMOSA (TfSQUA), and class B genes, TfDEFICIENS (TfDEF) and TfGLOBOSA (TfGLO), were expressed in the broad part of the primordia of the wide paracorolla, as in the petal. Class C genes, TfPLENA1 (TfPLE1) and TfFARINELLI (TfFAR), were only expressed at the margin of the primordia. However, in the primordia of the narrow paracorolla, TfSQUA was only expressed at the margin, but the class B genes and one of the class C genes (TfPLE1) were expressed in a broad section, as in the primordia of the wide paracorolla. This expression pattern in the narrow paracorolla was intermediate between that of the petal and the stamen. In later developmental stages, quantitative real-time PCR analyses showed that, in the wide paracorolla, TfSQUA and class B genes were highly expressed but the expression of class C genes, as in the petal, was low. In the narrow paracorolla, class B genes were also highly expressed as in the petal; however, the expression of both TfSQUA and the class C genes was low, as in the stamen and the petal, respectively. This expression pattern probably reflects the unstable floral organ identity of the narrow paracorolla, and the expression pattern in paracorollas is determined by the site where the paracorolla is formed.
Introduction
For floricultural plants, flower morphology and color are important traits determining commercial value. Thus, improvement of flower morphology to create more decorative flowers (such as double flowers, paracorolla) is a major breeding objective. To date, mutation breeding has generally been used to obtain such flowers; however, induction of a specific mutant is rare. Furthermore, mutant phenotypes are usually weak or unstable, and long breeding periods are required to obtain fixed and stable phenotypes (Nishijima, 2007) . Thus, it would be useful to develop efficient breeding methods employing molecular tools (e.g., DNA markers, genetic transformation) to improve flower morphology, but a prerequisite for this step would be to elucidate the molecular mechanism inducing the production of decorative flowers.
Dicot flowers basically consist of four different organs: sepals, petals, stamens, and pistils. Floral organ identities are determined by the expression patterns of three classes of floral homeotic genes encoding transcription factors. The relationship between the expression pattern and floral organ identity is well illustrated by the ABC model Coen and Meyerowitz, 1991; Rijpkema et al. (for review), 2007) . In this model, the expression of class A genes alone in whorl 1 leads to a sepal, combined expression of class A and B genes in whorl 2 leads to a petal, expression of class B and C genes in whorl 3 leads to a stamen, and expression of class C genes alone in whorl 4 leads to a carpel. Furthermore, class A and C genes repress the expression of each other; hence, they are not expressed simultaneously in the same whorl (Drews et al., 1991; Gustafson-Brown et al., 1994) ; therefore, it is effective to manipulate the expression regions of these genes to induce a decorative flower morphology. In an Arabidopsis mutant of the class C gene (AGAMOUS, AG), the stamen and carpel are converted to a petal and a new flower, respectively (Yanofsky et al., 1990 ). This conversion is caused by the loss of class C gene expression, and results in class A gene expression in whorls 3 and 4 (Drews et al., 1991) . In Antirrhinum majus, two class C genes (PLENA, PLE; FARINELLI, FAR) have been cloned, and loss of PLE function shows the phenotype that both the stamen and carpel are converted to petaloid organs (Bradley et al., 1993) . Furthermore, the carpel is completely converted to a petal in the ple/far double mutant (Davies et al., 1999) . In Arabidopsis, overexpression of class B genes (APETALA3, AP3; PISTILLATA, PI) in the ag mutant converts the sepal, stamen, and carpel into a petal, resulting in a flower that consists solely of petals (Krizek and Meyerowitz, 1996) .
Recently, it has been shown that cytokinin is involved in the regulation of flower morphology. In Petunia hybrida, the application of forchlorfenuron (CPPU), an inhibitor of cytokinin oxidase, to flower buds enlarges the corollas by increasing the number of cells (Nishijima, 2012; . Genes involved in cytokinin biosynthesis and early signaling pathways are regulated according to the genotypes of the Grandiflora gene responsible for the large-flowered phenotype (Nishijima et al., 2011a, b) . In Arabidopsis, application of N 6 -benzylaminopurine (BA) to flower buds increases the number of petals, stamens, and pistils (Lindsay et al., 2006; Venglat and Sawhney, 1996) . These changes are caused by cytokinin-mediated up-regulation of the genes involved in meristematic activity and results in an enlarged floral meristem (Lindsay et al., 2006; Rupp et al., 1999) . Furthermore, application of CPPU to the flower buds of torenia has been shown to induce morphological changes such as an increased number of petals, serrate margins, and differentiation of the paracorolla (Nishijima and Shima, 2006) . Different floral morphologies are induced depending on the stage of floral development at the time of CPPU treatment.
Of the floral morphologies induced by CPPU treatment in torenia, the paracorolla is a floral organ that is observed in several species including Narcissus, Asclepias, A. majus, and Passiflora. Its unique appearance contributes to the ornamental value of these species. Thus, the addition of a paracorolla to other floricultural plants would be useful for developing novel flowers. The paracorolla originates from the stipule of the stamen in Narcissus, Asclepias, and A. majus, but from the receptacle in Passiflora (Troll, 1957; Yamaguchi et al., 2010) . Morphologically, the paracorolla resembles a petal; however, as in the stamen, it belongs to whorl 3 when it originates from the stipule of the stamen. In A. majus, the anatomical characteristics of the paracorolla are petaloid, although it originates from the stipule of the stamen and belongs to whorl 3. Furthermore, an expression gradient of floral homeotic genes in whorl 3 is essential for the paracorolla to develop into a petaloid organ, i.e., the anther, filament, and paracorolla exhibit staminoid, intermediate between staminoid and petaloid, and petaloid expression, respectively .
In CPPU-treated torenia, paracorollas are formed on both lateral sides of the stamen, and thus apparently originate from the stipule of the stamen like A. majus (Nishijima and Shima, 2006; Yamaguchi et al., 2010) . Paracorollas induced by CPPU treatment have two different morphologies; CPPU treatment during the early stages of floral development leads to a wide paracorolla and during the later stage leads to a narrow paracorolla (Nishijima and Shima, 2006) . The wide paracorolla is colored with anthocyanin and morphologically resembles a petal. In contrast, the narrow paracorolla has a stamen-like, slender morphology. Some of the narrow paracorollas are colorless like the stamen, while others are colored like the petal. Thus, it appears that floral homeotic genes are involved in the regulation of paracorolla morphology.
In this study, we performed anatomical analysis of the different paracorolla morphologies of torenia induced by CPPU treatment to clarify the floral characteristics of paracorollas. Furthermore, we cloned and analyzed the expression patterns of floral homeotic genes in CPPU-treated floral organs. Based on these results, the role of these genes in regulating paracorolla morphology is discussed.
Materials and Methods

Plant materials
Seeds of Torenia fournieri, 'Dwarf White' (Sakata Seed Co., Yokohama, Japan), were germinated on horticultural growing media (Metro-Mix 350, Sun Gro Horticulture Canada Ltd., British Columbia, Canada), and seedlings were planted on horticultural soil (KurehaEngei-Baido, Kureha Chemical Industry Co., Ltd., Tokyo, Japan) in plastic pots, and then grown in an incubator kept at 25°C/20°C under illumination from fluorescent lamps of 180 μmole·m −2 ·s −1 PPFD (12 h light/ 12 h dark).
CPPU treatment
The CPPU solution (Sigma-Aldrich Japan Co., Ltd., Tokyo, Japan) was prepared as described by Nishijima and Shima (2006) . We applied 8 μL of 3 μM CPPU solution to the apex of an inflorescence. Flower buds longer than 8 mm were removed before the treatment, because paracorolla formation is not induced in developed flower buds.
Morphological analyses
Flowers with and without paracorollas were used for morphological analyses. The raw flower was directly subjected to scanning electron microscopy (SEM; VE-7800, Keyence, Osaka, Japan) to observe the surface structure.
For the anatomical analyses, the floral organs were fixed in FAA (50% (v/v) ethanol, 10% (v/v) formaldehyde, 5% (v/v) acetic acid) at 4°C, then dehydrated in 2-methyl-2-propanol and embedded in paraffin. Transverse sections (10 μm thick) of the paraffin-embedded tissues were prepared with a rotary microtome (RM2145, Leica, Nussloch, Germany). The sections were dewaxed with xylene, and rehydrated through a graded ethanol series. After staining with 0.5% (w/v) toluidine blue, the tissues were observed by stereomicroscopy.
For observations of vascular bundles, fixed samples were immersed twice in 70% (v/v) ethanol for 1 h, then incubated for 1 h in a chloral hydrate solution (chloral hydrate, 8 g; glycerol, 1 mL; distilled water, 4 mL) to make the tissues transparent. The samples were then subjected to dark-field stereomicroscopy.
cDNA cloning of floral homeotic genes and phylogenetic analysis Total RNA was isolated from young flower buds using a RNeasy Plant Mini Kit (Qiagen Sciences, Germantown, USA) and treated with RNase-Free DNase Set (Qiagen). cDNA was synthesized using a CapFishing Full-length cDNA Premix Kit (Seegene, Seoul, Korea). Degenerate primers of the floral homeotic genes were designed using highly conserved regions of each class of floral homeotic genes, and partial cDNAs were isolated using the following degenerate primers: forward 5'-ATGGGIAGR GGIARRGTISARYTRA-3' and reverse 5'-CATIAGRTT YTTYCTIGWICGDAT-3' for class A genes, forward 5'-ATGGCIMGWGGIAARATYCARATYAA-3' and reverse 5'-TCITCICCYTTYARRTGYCTIAG-3' or 5'-TTYTTYYTRDWIGTITCRRTYTGRKT-3' for class B genes, and forward 5'-ATGGGIMGIGGIAARATYGAR ATHAA-3' and reverse 5'-ARBAIYTCRTTYTTYTTIG MYCKDA-3' or 5'-TCYCTYYTYTGCATRWRITCDA YYTC-3' for class C genes. Based on the sequences of the PCR products, gene-specific primers were designed, and 5' and 3' RACE were performed using the CapFishing Full-length cDNA Premix Kit. To isolate full-length cDNAs for each gene, PCRs were performed with KOD Plus DNA polymerase (Toyobo, Osaka, Japan) using the following primers: forward 5'-CCATTT TTAGGGATAACATCT-3' and reverse 5'-CATAGGCAT CTCATGTTCGAT-3' for T. fournieri SQUAMOSA (TfSQUA), forward 5'-TCTCTATACCTCACCTCGAG AGT-3' and reverse 5'-AACAAAGCAACATTGCACC-3' for TfDEFICIENS (TfDEF), forward 5'-TTCCTTGGA GGGGTTTCTAGT-3' and reverse 5'-GAAAACATGGG AACAAACTCGT-3' for TfGLOBOSA (TfGLO), forward 5'-CTGCAACTCTCCTGTCCACAA-3' and reverse 5'-GAACAAAAGCCATGCAATGA-3' for TfPLENA1 (TfPLE1), and forward 5'-CTTTCTGCATCAACCATC CC-3' and reverse 5'-GTAAATAATTGTCCCTTGACT TC-3' for TfFARINELLI (TfFAR). Each PCR fragment was cloned into a pGEM-T Easy vector (Promega, Madison, USA) and the nucleotide sequence was analyzed with a BigDye Terminator v3.0 Cycle Sequencing Kit and an ABI PRISM 3100 Genetic Analyzer (Applied Biosystems, Foster City, USA). The nucleotide sequences of the cloned cDNAs were registered in the DNA Data Bank of Japan (DDBJ; http:// www.ddbj.nig.ac.jp), and their accession numbers are detailed in the legend for Figure 3 .
For phylogenetic analysis, the full length of each amino acid sequence of the floral homeotic genes was used. Predicted amino acid sequences of the cloned floral homeotic genes from torenia were compared with those of other plants by using CLUSTAL W, with bootstrap values from 100 replicates (http://clustalw.ddbj.nig.ac.jp/ top-j.html). The phylogenetic tree was constructed using the neighbor-joining method and was drawn with NJplot (http://pbil.univ-lyon1.fr/software/njplot.html). The GenBank accession numbers of the nucleotide sequences used for the alignments are shown in the legend for Figure 3 .
In situ hybridization
Flower buds 7 days after CPPU treatment and those of controls not treated with CPPU were used for in situ hybridization. The samples were fixed and embedded in paraffin as described in the morphological analysis section, and the tissues were sectioned (8 μm thick). In situ hybridization was performed as described by Hirai et al. (2007) . The sections were dewaxed and rehydrated as described in the morphological analysis section. After washing with PBS (0.1 M NaCl, 10 mM NaH 2 PO 4 , 10 mM Na 2 HPO 4 , pH 7.4), the sections were treated with 1 μg·mL −1 proteinase K (Roche Diagnostics, Mannheim, Germany) in PBS at 37°C for 30 min and the reaction was stopped by washing with PBS containing 0.2% glycine. After washing with PBS, the sections were acetylated in 0.1 M triethanolamine HCl (pH 8.0) and 0.25% acetic anhydride for 20 min. After incubation with 1% Triton X-100 in PBS and further washing with PBS, the sections were pre-hybridized at room temperature for 2 h in a hybridization buffer containing 50% formamide, 4 × saline-sodium citrate (SSC), 1 × Denhardt's solution, 1 mg·mL −1 Escherichia coli tRNA, and 0.5 mg·mL −1 salmon sperm DNA, and then hybridized with gene-specific digoxigenin (DIG)-labeled antisense or sense (control) RNA probes for each floral homeotic gene. The RNA probes were prepared from vectors harboring PCR fragments of each floral homeotic gene with a DIG RNA Labeling Kit (Roche). The PCR fragments inserted into the pGEM-T Easy vector (Promega) were generated with the following primers: forward 5'-AACCAGCTCATACAGGATTCA-3' and reverse 5'-GCGTTGTTTTGTTGCATCT-3' for TfSQUA, forward 5'-ACAGGAATCTGAAGAGGGA-3' and reverse 5'-GCCCTACGAAATTAGTAGTACC-3' for TfDEF, forward 5'-GCAGATTGAGCTCAGGCA-3' and reverse 5'-AAGGTTTTGGCTTAACGAGAG-3' for TfGLO, forward 5'-GGAACTCAAGAACATGGAGT CA-3' and reverse 5'-ACAAGTACGAGGAGAAATTG AGG-3' for TfPLE1, and forward 5'-CATAACAAGAAC ATGCTCGGTG-3' and reverse 5'-GAACAAACATAAT CAGCAGAGGATC-3' for TfFAR. The length of the PCR fragments was 481 bp for TfSQUA, 499 bp for TfDEF, 479 bp for TfGLO, 498 bp for TfPLE1, and 481 bp for TfFAR. The vectors were cut by Nae I and Spe I restriction enzymes when used with T7 RNA polymerase or Nco I and Pvu II restriction enzymes for SP6 RNA polymerase. DIG-labeled RNAs were synthesized by either of the RNA polymerases with a DIG RNA Labeling Kit (Roche). After purification by ethanol precipitation, the RNAs were used as probes. Hybridization was performed with each probe at a concentration of 800 ng·mL −1 in hybridization buffer at 65°C overnight. After hybridization, the sections were washed in 0.2 × SSC at 65°C for 2 h, and then in NT buffer (0.15 M NaCl, 0.1 M TrisHCl, pH 7.5) at room temperature. After treatment with 1% blocking reagent (Roche) for 1 h, the sections were incubated with diluted (1 : 750) anti-DIG-AP (Roche) for 1 h. Chemical staining was performed with NBT/ BCIP solution (Roche).
Quantitative real-time PCR analysis
Total RNA was extracted from the sepals, petals, paracorollas, stamens, and pistils of flower buds at 1 cm lengths using the same procedure used for cDNA cloning. cDNA was synthesized using a Transcriptor First Strand cDNA Synthesis Kit (Roche). Gene-specific primers for torenia floral homeotic genes and the actin gene (TfACT3; AB330989), which was used as an internal control, were designed for the 3'-terminal regions of the open reading frame and the 3'-untranslated regions of each gene. Primer sequences and the lengths of PCR products used for the quantitative real-time PCR reactions were as follows: forward 5'-GCTTTGCTGCA TGATGATATA-3' and reverse 5'-GCGTTGTTTTGTTG CATCT-3' for TfSQUA (151 bp), forward 5'-GGTACTAC TAATTTCGTAGGG-3' and reverse 5'-TAATATGGATC GAAATCATC-3' for TfDEF (103 bp), forward 5'-CGAA TCTTCAGGAACGTTTC-3' and reverse 5'-AAGGTTT TGGCTTAACGAGAG-3'for TfGLO (111 bp), forward 5'-CCTTTGGCTGTTAGGATG-3' and reverse 5'-GACA CAGCCCGAGTCGATGAG-3' for TfPLE1 (172 bp), forward 5'-ATGGGATCCTCTGCTGATTAT-3' and reverse 5'-TTCAAATTGAACAACACATGG-3'for TfFAR (129 bp), and forward 5'-TGCAGTAAAGTGTATTGTG GAAG-3' and reverse 5'-GGAACTATCTGGGTAG GATC-3' for TfACT3 (145 bp). Expression of the genes was quantified using SYBR Premix Ex Taq (Takara Bio, Ohtsu, Japan) and quantitative real-time PCR (LightCycler, Roche). PCR reactions were performed with an initial denaturation step of 10 s at 95°C, followed by 50 cycles of 5 s at 95°C, 10 s at 60°C, and 5-7 s at 72°C. Fluorescence was measured at the end of the extension phase at 75°C for TfSQUA and TfFAR, at 76°C for TfDEF, at 77°C for TfGLO and TfACT3, and at 79°C for TfPLE1, to avoid calculating non-specific PCR products. The raw data were analyzed with LightCycler software version 3.5 (Roche). The plasmids harboring full-length cDNA from the torenia floral homeotic genes and a partial cDNA fragment of TfACT3 were used to obtain the standard curves. The ratio of the expression of each floral homeotic gene to that of TfACT3 was calculated. Expression analyses were conducted independently in triplicate.
Results and Discussion
Morphological analyses of the paracorollas
Wide paracorollas were colored with anthocyanin and morphologically resembled the petal (Fig. 1a, b) . The narrow paracorollas had various morphologies, typically flat, a spoon-like top with a cylindrical base, or a rod with two lobes. The narrow paracorollas with two lobes at the tip morphologically resembled the two anthers developed at the tip of the filament (Fig. 1c-f) . The narrow paracorollas were either colored like the petal or colorless like the stamen. Thus, the narrow paracorollas had either stamen-like or petal-like morphological characteristics.
Observing the surface structure by SEM showed that conical cells were arranged on the petal epidermis (Fig. 2a) , whereas the epidermis of the filament of the stamen had slender cells and a smooth surface (Fig. 2e) . Conical cells were arranged on the epidermis of the wide paracorollas as in the petal (Fig. 2b) . In contrast, the epidermis of the narrow paracorollas had either conical or slender cells (Fig. 2c, d ). Within the category of the narrow paracorollas, wider ones as shown in Figure 1c tended to have conical epidermal cells, while narrower ones as shown in Figure 1d and 1e tended to have slender epidermal cells. This indicates that the epidermis of the narrow paracorollas is either petal-or filament-like.
Analyses of transverse sections of the floral organs showed that the parenchyma of the petals had sparsely distributed round cells (Fig. 2f) . In contrast, densely distributed slender cells were observed in the parenchyma of the filament (Fig. 2i) . In the wide paracorollas, parenchyma with sparsely distributed round cells resembled that of the petal (Fig. 2g) . In the parenchyma of the narrow paracorollas, cells were distributed sparsely as in the petal; however, the cells were slender like those of the filament (Fig. 2h) . Within the category of the narrow paracorollas, wider ones, as shown in Figure 1c , tended to have parenchyma morphologically resembling that of the wide paracorollas, while narrower ones, as shown in Figure 1d and 1e, tended to have parenchyma morphologically resembling that of the filament.
Furthermore, observation of vascular bundles showed that the petal had thin and extensively branched vascular bundles (Fig. 2j) . In contrast, thick and unbranched bundles were observed in the filament (Fig. 2o) . The wide paracorollas had extensively branched vascular bundles like the petal (Fig. 2k) , while thick and scarcely branched bundles were observed in the narrow paracorollas (Fig. 2l) . The narrow paracorollas with a stamen-like morphology, such as the cylindrical paracorolla and the paracorolla with two lobes, had thick and unbranched vascular bundles like the filament (Fig. 2m, n) .
These results indicate that the wide paracorollas induced by CPPU treatment have the same morphological and anatomical characteristics as in the petal ( Figs. 1b and 2b, g, k) , whereas the narrow paracorollas have either petal-like or stamen-like characteristics d, h, .
cDNA cloning and phylogenetic analysis of floral homeotic genes from torenia To investigate whether the petal-and stamen-like characteristics observed in the wide and narrow paracorollas are controlled by floral homeotic genes, we isolated the floral homeotic genes from torenia. We isolated one class A gene, two class B genes, and two class C genes from torenia cDNA. The results of a database search using the deduced amino acid sequences suggested that all of the isolated genes had MADS and K domains, which are highly conserved in MADS-box genes. These torenia genes were classified into predicted classes by phylogenetic analysis based on the deduced amino acid sequences of MADS-box floral homeotic genes in other plant species (Fig. 3) . Furthermore, the euAP1 motif and farnesylation motif, which are conserved in euAP1 class A genes (Litt and Irish, 2003) , were contained at the C-terminal of TfSQUA. AG motif I and II, which are conserved in class C genes (Kramer et al., 2004) , were contained at the C-terminal of both TfPLE1 and TfFAR. In class B genes, the PI motif in TfGLO and both the PI motif-derived sequence and euAP3 motif in TfDEF, which are conserved in class B genes, have been shown at the C-terminal of each gene (Sasaki et al., 2010) ; thus, these genes probably function as floral homeotic genes. Since these genes have a high similarity to those of A. majus, which like torenia belongs to the Lamiales, we designated them TfSQUA, TfDEF, TfGLO, TfPLE1, and TfFAR (Fig. 3) .
Expression analyses of floral homeotic genes in CPPUinduced paracorollas
The results of in situ hybridization of floral homeotic genes at the initiation of the wide paracorollas showed strong and clearly localized signals; however, at the initiation of the narrow paracorollas, the signals detected were relatively weak and their localizations were to some extent obvious (Fig. 4) . In the primordia of the wide paracorollas, the class A gene, TfSQUA, was highly expressed in the basal position (Fig. 4a) . Class B genes, TfDEF and TfGLO, were also highly expressed throughout the primordia (Fig. 4b) . These expression patterns were the same as those observed for the petal (Fig. 4a, b) . Low expression of class C genes TfPLE1 and TfFAR was detected at the margin of the primordia (Fig. 4c) . However, in the primordia of the narrow paracorollas, TfSQUA and TfPLE1 showed low expression only at the margin (Fig. 4a, c) , while both TfDEF and TfGLO were expressed throughout the primordia (Fig. 4b) . No substantial expression of TfFAR was detected (Fig. 4c) . We chose the organs in the sections used for in situ hybridization based on SEM images of flower buds at the same developmental stages (Fig. 4d ).
In the later stages of floral organ development, the results of quantitative real-time PCR analyses showed that, in the wide paracorollas, TfSQUA, TfDEF, and TfGLO were highly expressed, as in the petal (Fig. 5a,  b) , while TfPLE1 and TfFAR, which were highly expressed in the stamen and pistil, had low expression, as in the sepal and petal (Fig. 5c ). In the narrow paracorollas, TfDEF and TfGLO were also highly expressed, as in the petal and the wide paracorollas (Fig. 5b) ; however, TfSQUA expression was low, as in the stamen (Fig. 5a) . Expression of TfPLE1 and TfFAR was also low, as in the sepal and petal (Fig. 5c) .
In summary, class A and B genes were mainly expressed in the primordia of the wide paracorollas, while class B genes were mainly expressed in the primordia of the narrow paracorollas (Fig. 4a-c) . These expression patterns became more distinct during the later stages of paracorolla development (Fig. 5) . These results suggest that petal-like expression patterns render wide Fig. 3 . Phylogenetic tree of homeotic genes in torenia and other plant species. The neighbor-joining tree was generated based on amino acid sequences using CLUSTAL W, and was drawn with NJplot. Bootstrap values from 100 replicates are indicated near the branching points. Accession numbers were as follows: Class A genes; AmSQUA (Antirrhinum majus), X63701; AP1 (Arabidopsis thaliana), Z16421; CAL (Arabidopsis thaliana), L36925; FUL (Arabidopsis thaliana), U33473; NtAP1-1 (Nicotiana tabacum), AF009126; TfSQUA (Torenia fournieri), AB359949; ZmAP1 (Zea mays), L46400: Class B genes; AmDEF (Antirrhinum majus), X52023; AmGLO (Antirrhinum majus), X68831; AP3 (Arabidopsis thaliana), M86357; PhDEF (Petunia hybrida), DQ539416; PhGLO1 (Petunia hybrida), M91190; PhTM6 (Petunia hybrida), DQ539417; PI (Arabidopsis thaliana), D30807; pMADS2 (Petunia hybrida), X69947; TfDEF (Torenia fournieri), AB359951; TfGLO (Torenia fournieri), AB359952; ZmMADS29 (Zea mays), AJ292961; ZmSILKY1 (Zea mays), AF181479: Class C genes; AG (Arabidopsis thaliana), NM_118013; AmFAR (Antirrhinum majus), AJ239057; AmPLE (Antirrhinum majus), S53900; PhFBP6 (Petunia hybrida), X68675; pMADS3 (Petunia hybrida), X72912; SHP1 (Arabidopsis thaliana), NM_001084842; TfFAR (Torenia fournieri), AB359953; TfPLE1 (Torenia fournieri), AB359954; ZAG1 (Zea mays), L18924; ZMM2 (Zea mays), AF112149. paracorolla petaloid organs (Fig. 6) . In contrast, the expression of both class A and C genes was low in the narrow paracorollas, as in the stamen and the petal, respectively, while class B genes were highly expressed, as in the petal and wide paracorolla (Fig. 5 ). This expression pattern may make the identity of the paracorolla unstable, because it is neither a petal nor stamen expression pattern (Fig. 6) . Furthermore, this expression pattern may reflect the mixed petal and stamen morphological characteristics of the narrow paracorollas (Figs. 1c-e, 4a-c, and 6) .
Because CPPU accumulates endogenous cytokinin in plant tissue, high concentrations of endogenous cytokinin induce paracorolla formation in torenia (Nishijima and Shima, 2006) . It is known that the expression of floral homeotic genes is regulated by cytokinin (Estruch et al., 1993; Li et al., 2002) . We could not investigate the effect of the elevated cytokinin level on the expression of floral homeotic genes because the CPPU-untreated flower buds had no paracorolla. However, it is unlikely that the elevated cytokinin level directly regulates the expression patterns of floral homeotic genes observed for the wide and narrow paracorollas, because CPPU treatment did not markedly change the expression of floral homeotic genes in the other floral organs, i.e., the sepal, petal, stamen, and pistil (Figs. 4 and 5).
As described above, paracorollas induced by CPPU treatment in torenia probably originate from the stipule of the stamen, like A. majus (Nishijima and Shima, 2006; Yamaguchi et al., 2010) ; therefore, the paracorollas belong to the same whorl as the stamen. In A. majus, class B and C genes are expressed in the anther, all of the class A, B, and C genes are expressed in the filament, and class A and B genes are expressed in the petaloid paracorolla, as described above. This gradient of expression pattern in the same whorl is critical for the paracorolla to develop into a petaloid organ (Yamaguchi Fig. 4 . In situ hybridization of homeotic genes in flower buds at paracorolla initiation. Gene-specific antisense RNA probes of a class A gene (a), class B genes (b), and class C genes (c) were used. Spatial distributions of floral organs at the paracorolla initiation stage are shown by scanning electron micrographs (d). CPPU-treated flower buds were collected at paracorolla initiation, while untreated buds were collected at the corresponding stage. N1, untreated flower buds at the same stage as C1; C1, CPPU-treated flower buds at wide paracorolla initiation; N2, untreated flower buds at the same stage as C2; C2, CPPU-treated flower buds at narrow paracorolla initiation. Triangles represent wide paracorollas (△) and narrow paracorollas (▲). Scale bars = 100 µm. Pe, Petal; St, Stamen.
et al., 2010). It has also been reported that the expression pattern of floral homeotic genes differs between the tube and limb of the petal in torenia (Niki et al., 2006) ; therefore, the different expression patterns of floral homeotic genes in the wide and narrow paracorollas may have been caused by the site where they were formed. The wide paracorollas were initiated at the basal end of the petal during the early developmental stage (Fig. 4d) . In this position, class A and B genes were expressed at the point of paracorolla initiation (Fig. 4a-c) . The narrow paracorollas were formed in the middle sections of more developed petals (Fig. 4d) . Class B genes were mainly expressed at this site at the time of paracorolla initiation, while the expression of both class A and C genes was low, as in the stamen and the petal, respectively (Fig. 4a-c) . These expression patterns persisted during subsequent flower development (Niki and Nishijima, 2008, Fig. 5) . These data clearly suggest that the expression pattern of floral homeotic genes in paracorollas is determined by the site where the paracorolla is formed. In summary, we suggest that the expression pattern of floral homeotic genes determines paracorolla morphology, and the expression pattern in paracorollas is determined by the site where the paracorolla is formed. The paracorolla is classified into two groups depending on the site, those that originate from the stipule of the stamen, as in Narcissus, Asclepias, and A. majus; and those that originate from the receptacle, like Passiflora (Troll, 1957; Yamaguchi et al., 2010) . Involvement of floral homeotic genes in the determination of paracorolla morphology of those species is to be clarified in the future. Further, a novel paracorolla morphology is possible by changing the expression of floral homeotic genes using mutagenesis or transgenic technologies.
